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ABSTRACT
In this paper we propose some ionospheric correction schemes
for space-borne synthetic aperture radar (SAR) and polari-
metric interferometric SAR (PolInSAR). The spatial and
temporal variation of the free electron density in the upper-
most atmosphere affects the propagation of the radar pulse
resulting in image distortions. We estimate the total electron
content (TEC) by applying the Appleton-Hartree equation
to the distortions in the focusing, polarimetry, and interfer-
ometry. Then we propose a combined estimator that yields
comprehensive differential TEC estimations. The effect of
vertical structures of the ionosphere on interferometric phase
is further discussed.
Index Terms— PolInSAR, ionosphere
1. INTRODUCTION
One of the prominent objectives of the next generation space
remote sensing missions is the accurate and continuous mon-
itoring of the terrestrial biomass distribution by means of low
frequency SAR. Low frequency microwaves are characterized
by higher penetration ability through vegetation foliage, as
well as higher temporal stability facilitating vegetation moni-
toring by means of SAR and InSAR. However, the distortion
due to the ionosphere is no longer negligible [1]. In this sense
the estimation and compensation of the ionospheric impact is
critical for the success of such missions.
According to [1, 2, 3], the spatial and temporal distribu-
tion of TEC is the key parameter that characterizes the iono-
spheric impact on SAR and InSAR acquisitions. At the same
time, system parameters, such as the carrier frequency f0, the
system bandwidth W , the incidence angle θ, and the polariza-
tion are also conﬁning factors.
In this paper we use and compare three different TEC es-
timators, based on ionospheric induced distortions of SAR,
PolSAR and InSAR acquisitions. Each distortion is formu-
larized as a function of TEC and system parameters. The
correction scheme, the quality metric and the correction re-
sult follow. Finally, we suggest a combined scheme of TEC
estimation and correction. In the discussion, we suggest that
the ionospheric altitude has to be considered in the InSAR
application.
2. IONOSPHERIC IMPACT ON SAR
2.1. Appleton-Hartree equation
The ionospheric impact on SAR signal and imagery can be
derived starting from the Appleton-Hartree equation [2, 4, 5].
The Appleton-Hartree equation can be approximated for the
space-borne SAR condition as follow:
n = 1− 1
2
f2p
f2
(
1∓ fH
f
)
, (1)
where f2p = Ne
2/4π20m is the plasma frequency and fH =
e B ·κˆ/2πm is the cyclotron frequency. The Appleton-Hartree
equation provides the index of refraction n of the ionosphere
for a given number density of free electrons N and the Earth’s
magnetic ﬁeld B, where e and m are the charge and mass of
an electron, and 0 is the vacuum permittivity.
2.2. Differential Faraday rotation
Faraday rotation (FR) owes to the anisotropic nature of the
ionosphere posed in an external, or in our case, Earth’s, mag-
netic ﬁeld. The difference of two indices of refraction is from
Eq. (1)
Δn =
Nζe B · κˆ
πmf30
, (2)
where
ζ =
e2
8π20m
=
e2c2
2πm
× 10−7 = 40.3082 m3/s2. (3)
Integrating Eq. (2) along the line-of-sight (LOS) yields the
phase difference between two characterizing waves
2Ω = Δφ = 2πf0t =
2πf0
c
∫ S
0
Δndl. (4)
Here Ω stands for the FR angle, dl is the inﬁnitesimal length
element, and the integration interval goes from the target to
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Fig. 1. Pauli image of the test site (red: dihedral, green: vol-
ume and blue: surface)
the satellite, so that S stands for the distance to the satellite.
Once we deﬁne TEC def=
∫
N dl, we get
Ω = ζ
e B · κˆ
cmf20
TEC. (5)
As a consequence of Eq. (2), the polarization ellipse of
the trans/received pulses are rotated by Ω as they propagate
through the ionosphere. Accordingly the measured scattering
matrix S is distorted. Each channel of a linearly polarized
quad-pol SAR is intermixed under the FR of Ω as follows
Shh(Ω) = cos2 ΩShh − sin2 ΩSvv, (6a)
Shv(Ω) = Sxx + cosΩ sinΩ(Shh + Svv), (6b)
Svh(Ω) = Sxx − sinΩ cosΩ(Shh + Svv), (6c)
and Svv(Ω) = − sin2 Shh + cos2 ΩSvv, (6d)
where Spq(Ω) and Spq represent the elements of the measured
and the original scattering matrix, respectively, for transmit-
ting polarisation q and receiving polarisation p. Once Ω is es-
timated, the elements of the original scattering matrix S can
be acquired from the measured scattering matrix S(Ω) using
Eqs. (6). The FR estimators are collected in [6].
FR can be estimated in the master and slave SAR data
separately. Their difference is the differential FR, which can
be converted to the differential TEC according to Eq. (5).
2.3. Azimuth shift
Azimuth variations of TEC induce azimuth shifts of focusing
positions on SAR imagery. The position of azimuth focusing
is determined by the time-Doppler relation. The ideal time-
Doppler relation in the absence of ionospheric effects is [7]
Δf
f0
= 2
vrel
c
=
2v2t
R0c
=
Df
f0
t, (7)
where Δf is Doppler frequency, f0 is carrier frequency, vrel
is the relative velocity between the antenna and the target,
v is the velocity of the SAR sensor, R0 is the zero-Doppler
distance, and Df is used for the Doppler rate.
When the TEC varies along the azimuth direction, an ad-
ditional phase component is introduced into Eq. (7). It reads
Δf
f0
=
2πΔφ
f0
= −2ζ vpiercing
cf20
∂TEC
∂x
, (8)
where vpiercing is the speed of the piercing point. Because we
are interested in the phase history of a single target, the rela-
tion v : vpiercing = hS : hiono holds. The disturbed Doppler
history is obtained by adding Eq. (8) to Eq. (7). Assuming a
zero-squint geometry, a target is focused at the azimuth time
when the Doppler history becomes zero. The azimuth shift is
found by
Δa =
2ζvpiercingPRF
cf0Df
∂TEC
∂x
(9)
in unit of azimuth pixel. While in the case of a single SAR ac-
quisition azimuthal shifts are of secondary importace, in the
case of InSAR they become critical. If the azimuth change
rate of the ionosphere is different in the master and slave ac-
quisitions, the focusing positions are no longer identical, lead-
ing to a coregistration offset, that may induce an additional
decorrelation contribution in the interferogram.
2.4. Interferometric phase
The phase advances in the ionosphere disturb interferometric
differential phases causing ionospheric phase screen, if the
TEC changes between two acquisitions. The interferometric
phase is unavoidable in the repeat-pass interferometry modes.
Integrating Eq. (1) gives the interferometric phase φ
φ = 4π
ζΔTEC
cf0
. (10)
3. CORRECTIONS AND METRICS
For our investigations we used interferometric ALOS PAL-
SAR data acquired over the northern part of Alaska in spring
2007 (Apr. 1st and May 17th). The corresponding vertical
wavenumber is kz = 0.014 rad/m−1. The Pauli image of the
master acquisition is shown in Fig. 1
3.1. Faraday rotation
Using Eqs. (6) the effect of FR can be corrected on each chan-
nel of quad-pol SAR data. For this we have used Bickel &
Bates estimator (Fig. 2). The correction efﬁciency can be
tested by means of the reﬂection symmetry assumption.
The direct result of the reﬂection symmetry is the full
decorrelation between co- and cross-pol channel, i.e. γhh−vh =
γvv−hv = 0. Under FR the numerator of this coherence is
〈Shh(Ω)Svh(Ω)∗〉 =
sin 2Ω (−〈ShhS∗hh〉 − 2i{〈ShhS∗vv〉}+ 〈SvvS∗vv〉) /4
− sin 4Ω (〈ShhS∗hh〉+ 2{〈ShhS∗vv〉}+ 〈SvvS∗vv〉) /8.
(11)
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Fig. 2. Estimated differential Faraday rotation using Bickel &
Bates esitmator
Fig. 3. Comparison of γ, before and after Δa correction
The amplitude of the ﬁrst term on the right hand side is small
because of the opposite signs of comparable real numbers,
i.e. 〈ShhS∗hh〉 and 〈SvvS∗vv〉. The amplitude of the dominant
second term is a real number and it is proportional to sin 4Ω.
Except for azimuth slope effects, the co-/cross-pol coherence
can provide a reliable FR correction performance metric.
3.2. Azimuth shift
The interferometric coherence is maximized when the two
SAR images are exactly coregistrated. The interferometric
coherence and the misregistration δAZ are related by
γcor =
sinπδAZ
πδAZ
. (12)
Fig. 4. Comparison of the interferometric phases, before and
after correction using ΔΩ
The correlation of the master and slave images can provide the
amount of misregistration, and this mismatch can be corrected
by resampling the slave image. Fig. 3 shows the improvement
of γ before and after the slave resampling according to the
estimated azimuth offsets induced by the (differential) iono-
sphere. The lost of γ where TEC changes rapidly (in the white
contours) is almost fully recovered.
3.3. Interferometric phase
The ionospheric phase screen can be compansated when ac-
curate measurement of ΔTEC, which can be achieved from
Ω using Eq. (5), are available. Fig. 4 shows the correction of
the ionospheric phase using ΔΩ. A residual systematic phase
term is visible even after correction.
4. COMBINED TEC ESTIMATOR
The estimation result from ΔΩ provides the information
about ΔTEC (Section 2.2), and the relative azimuth shift
estimation Δa is proportional to ∂ΔTEC/∂x (Section 2.3).
The improvement of ΔTEC estimation using their informa-
tion is described in this section.
Let us assume that an interval I = [−L/2, L/2] laid par-
allelly to the azimuth direction on the ionosphere, where L is
the coherence length at around the ionospheric altitude and
the origin is placed in the zero-Doppler plane. The mean
of ΔTEC in the interval I determines the ΔΩ and its lin-
ear change rate determines Δa. Dividing the interval I into
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Fig. 6. Sensitivity of the interferometric phase depending on
the altitude variation of the ionosphere at L-band. TEC is
ﬁxed at 1 TECU, and the altitude changes from 400 to 410
km.
Fig. 5. Change of γ before (violet) and after several Δa cor-
rections (black: direct Δa estimation, green: ΔTEC from
ΔFR, and red: ΔTEC from combined estimator).
K segments, we can allocate ΔTEC for every segment in the
interval. Then FR at the zero-Doppler plane is
ΔΩ = ζ
e B · κˆ
cmf20
1
K
(1 1 · · · 1) ΔTEC. (13)
At the same time, the change rate of ΔTEC is
∂ΔTEC
∂x
=
12
L(K2 − 1) (1 2 · · · K)
ΔTEC
+
6
L(K − 1) (1 1 · · · 1)
ΔTEC
(14)
where ΔTEC = (ΔTEC1 ΔTEC2 · · · ΔTECK)T .
Eq. (14) is derived from the least square estimation. Having
the observables ΔΩ and Δa, an operator G, which relates
ΔTEC to the observables, can be deﬁned.
dobs =
(
ΔΩ
Δa
)
=
(
GΩ 0
0 GΔa
)
ΔTEC = G ΔTEC.
(15)
This is a typical formulation of an inverse problem [8]. As the
equation is linear, taking its inverse is enough to ﬁnd ΔTEC.
After [8, p.67], the ΔTEC can be found by
ΔTEC =
(
GTC−1D G
)−1 (
GTC−1D dobs
)
, (16)
where CD stands for the covariance matrix of the observed
data.
In order to deﬁne the performance of the combined esti-
mator, we compared γs after the azimuth resamplings accord-
ing to i) direct Δa estimation, ii) ΔTEC estimation using
ΔΩ, and iii) combined estimator. Fig. 5 shows the results.
The combined estimator leads to the highest γ followed by
direct Δa estimation and the ΔTEC using ΔΩ.
5. DISCUSSION & CONCLUSION
The above discussion was based on the assumption that the
effective altitude of the ionosphere is constant with respect to
time. In that case the discrepancies among TEC, ∂TEC/∂x
and φ are the result of random noise. However, as seen in
Fig. 4, there is as systematic bias. A reason for this can be the
variation of the ionospheric altitude with time.
Fig. 6 shows the sensitivity of the interferometric phase
depending on the ionospheric altitude change. The numbers
along contours indicate the interferometric phase in degrees
for a constant TEC (1 TECU), and an ionospheric altitude that
changes about 10 km. We can see that in the case of interfer-
ometric phase corrections, we need the information about the
vertical structure of the ionosphere in addition to the TEC.
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